ABSTRACT The South American weevil Listronotus bonariensis (Kuschel) is an important pest of pastures in New Zealand. As a component of management strategies for this pest, the South American parasitoid Microctonus hyperodae Loan (Hymenoptera: Braconidae) was released in northern New Zealand during 1991 as a biological control agent. Over the subsequent 5Ð 6 yr, the reproductive biology of M. hyperodae and its relationship to, and effects on, the reproductive phenology and Þtness of L. bonariensis were studied at three sites. M. hyperodae was Þrst recovered in the Þeld in December 1991. Subsequently, the incidence of parasitism in L. bonariensis increased to seasonal maxima of 75Ð90%. There was variable synchrony between parasitoid generations and the two generations of its host, leading to marked seasonal variation in rates of parasitism and parasitoid abundance. Despite marked inter-year variation, abundance of host adult and egg populations declined in the presence of parasitoids. Parasitized host females had lower ovarian maturity scores, had lower egg loads, and exhibited less investment in wing muscle development than females that had escaped parasitism. There was almost complete elimination of egg maturation in parasitized females and these hosts contributed little to population recruitment. Rate of buildup and seasonal maxima in parasitism, frequency of superparasitism, adult abundances, and wing muscle development in adult L. bonariensis varied among the three sites in a manner that was only partially related to climate differences across the 1.83Њ gradient of latitude. Site effects were weak to absent in measures of reproductive condition in L. bonariensis females.
The South American curculionid Listronotus bonariensis (Kuschel) is an economically important invasive species throughout much of New Zealand. The larva, a stem borer in grasses, corn, and cereals, is the principal damaging life stage. Considerable progress has been made in the management of L. bonariensis in New Zealand pastures, with development of resistant ryegrass (Lolium spp.) cultivars based on plant infection by the endophytic fungus Neotyphodium lolii (Latch, Christensen and Samuels) Glenn, Bacon and Hanlin and related endophytes (Ascomycetes: Clavicipitaceae) (Barker et al. 1990a,b; Popay and Ball 1998; Barker and Addison 2006) . Nonetheless, in recognition of the need for an integrated approach to management of the pest, genetically differentiated biotypes of the asexually reproducing endoparasitoid Microctonus hyperodae Loan (Hymenoptera: Braconidae, Euphorinae) were imported from South America and released at various sites in New Zealand (Goldson et al. 1990a (Goldson et al. , 1992 (Goldson et al. , 1993b Ferguson et al. 1997; McNeill et al. 2002a,b) .
The genus Microctonus Wesmael, 1835 comprises koinobiont endoparasitoids of the adult stage of various beetles, especially Curculionidae, Chrysomelidae, Carabidae, and Tenebrionidae (Shaw 1985 (Shaw , 1988 . Most Microctonus species, including M. hyperodae, are solitary parasitoids (Loan and Holdaway 1961; Loan and Lloyd 1974; Morales and Hower 1981; Goldson et al. 1990a Goldson et al. , 1992 , but a few develop gregariously (Loan 1967 , Luff 1976 , Rieske et al. 1989 , Cuda and Burke 1991 , Shaw and Huddleston 1991 , Tironi et al. 2004 , Gerard et al. 2007 ). Parasitism renders the host sterile almost immediately and results in host death when the fully developed parasitoid larva or larvae emerge to pupate.
Breeding systems evidently vary among Microctonus species. Some species are sexual; M. hyperodae is parthenogenetic. Inheritance patterns of allozyme markers suggest that the parthenogenetic reproduction of M. hyperodae occurs without meiosis and the associated crossing over between homologous chromosomes (Iline and Phillips 2004) . M. hyperodae daughters appear, therefore, to be genetically identical to their mothers, except when new mutations arise.
In the Þeld in New Zealand, M. hyperodae overwinters in hosts as diapausing Þrst-instar larvae. Diapause is induced at a critical photoperiod of 13.6 h (Goldson et al. 1993a) , which occurs during mid-March in New Zealand, more-or-less coincident with reproductive diapause or oligopause in L. bonariensis (Goldson 1981 , Barker et al. 1988 . Laboratory studies (Goldson et al. 1993a) showed that diapause in M. hyperodae occurs independent of host condition, similar to the situation observed in some other Microctonus species (Wylie 1980) . In other species, however, aestivatory behavior depends on the physiological condition of the hostÑsuch as Microctonus aethiopoides Loan parasitizing Hypera postica (Gyllenhal) and Sitona discoideus Gyllenhal (Abu and Ellis 1976, Goldson et al. 1990b) . M. hyperodae exhibit postdiapause development commencing in early spring. Subsequently, two to three generations occur through summer and autumn. The environmental conditions that lead to the termination of diapause in M. hyperodae and L. bonariensis at winter end remain unexplored.
Previous research in northern New Zealand has compared L. bonariensis population dynamics pre-and post-release of M. hyperodae, concluding that the parasitoid has modiÞed population regulatory processes of L. bonariensis, but that resource availability in terms of Neotyphodium-free plants remained a major constraint to population increases (Barker and Addison 2006) . These authors found that parasitism reduced natality and subsequent larval populations arising from overwintering adults, but asynchrony between emergence of parasitoids and the next generation of adult L. bonariensis greatly reduced the inßuence of M. hyperodae on host abundance. Phillips et al. (1998) found evidence for similar asynchrony occurring in southern New Zealand leading to a marked decline in parasitism levels between Þrst and second generations of L. bonariensis that occur each summer to autumn period. A negative relationship between density of adults and their realized fecundity has been identiÞed as a key factor in L. bonariensis population dynamics in both northern and southern regions. This density dependence enables marked per capita increases in reproductive effort when adult populations are reduced (Barker et al. 1989a , McNeill et al. 1998 , Goldson et al. 2011 , and has the potential to offset the population suppressive effects of parasitism. In addition, avoidance behavioral adaptations by adult L. bonariensis to presence of the parasitoid (Barratt et al. 1996 , Barker and Addison 1997 , Gerard 2000 can lead to short eruptive phases of oviposition effort during periods when M. hyperodae are less abundant, and this may also signiÞcantly lessen the impact of the parasitoid (Barker and Addison 2006) . Parasitism has been shown to severely suppress L. bonariensis ßight (Goldson et al. 1999) , which could lead to differential dispersal of a largely nonparasitized cohort of weevils.
This article reports on the biology of M. hyperodes, and that of its host, during the 5Ð 6-yr period after release in 1991 at three sites representative of the principal dairying regions of northern North Island, New Zealand, namely, Auckland, Waikato, and Bay of Plenty. Because of climatic and edaphic differences, these sites provided for evaluation of M. hyperodae as a biological control agent under a range of host phenologies, pasture growth, and pasture management conditions. The procedures used in mass rearing and release of the parasitoid and conÞrmation of its establishment have been reported previously by Goldson et al. (1993a) . Barker and Addison (2006) reported on the impact of M. hyperodae on the population dynamics of L. bonariensis at these sites based on analyses of life tables. In the present work, the focus is on the reproductive biology of M. hyperodae and its relationship to, and effects on, the emergent population-level reproductive phenology and Þtness of L. bonariensis.
Materials and Methods
Parasitoid Sources and Release Sites. M. hyperodae collected from Concepció n (Chile), Pô rto Alegre (Brazil), Colonia (Uruguay), Ascasubi, General Roca, Mendoza, and Bariloche (Argentina), representing two biotypes (Phillips et al. 2008) , were maintained as 247 iso-female lines in the laboratory at AgResearch, Lincoln (Goldson et al. 1992 (Goldson et al. , 1993b . In MayÐJuly 1991, 11,703, 12,332, and 12,256 adult L. bonariensis parasitized in the laboratory by these iso-female lines of M. hyperodes were released, respectively, at Te Hana near Wellsford (Auckland Province, 36.167Њ S, 174.467Њ E), Ruakura near Hamilton (Waikato Province, 37.783Њ S, 174.450Њ E), and Reporoa (Bay of Plenty Province, 38.433Њ S, 176.300Њ E) (Barker and Addison 2006) . Table 1 summarizes the meteorological observations at the sites during the course of this study. Air temperatures in Stephenson screens (1,200 mm above soil level) and among the tillers of Lolium perenne L. plants (10 mm above soil level) were recorded at 20-min intervals at the three sites by Escort data loggers (Tech Innovators Ltd., Auckland, New Zealand) equipped with NTC thermistor probes. Additional climate data were obtained from National Institute for Parasitoid and Host Sampling. The dynamics of L. bonariensis populations were studied at these sites by Barker and Addison (2006) to assess the impact and regulatory role of parasitism by M. hyperodae. The sampling of L. bonariensis populations thus began in July 1991, before the recovery of M. hyperodae, and continued until July 1995 (Wellsford, Reporoa) or July 1996 (Hamilton).
Adult L. bonariensis populations were estimated at 10-to 30-d intervals (sampling frequency being dependent on the rapidity of event changes within the populations) by wet sieving and ßotation from 50 soil cores 75 mm in diameter, following the method of Barker and Addison (1989) , which provided for estimates with standard errors Ͻ15% of the means. Additional L. bonariensis were collected at similar frequencies by night or day sweep-netting and suctionsampling, and held at Ϫ20ЊC for subsequent dissection for estimation of reproductive status and incidence of hymenopteran parasitoids. For dissection, each L. bonariensis individual was secured in a petri dish by pressing its ventral surface into a small pool of molten wax and dissected under a binocular microscope at 25ϫ magniÞcation in tap water. To distinguish the generation cohorts that typically partially overlap in these northern New Zealand populations, the methods of age scoring developed by Barker et al. (1988) were applied in the current study. This involved categorization of the amount of cuticle hardness and coloration, thoracic and elytral scale wear, and degree of ovarian and testicular development. For female L. bonariensis, the maturity of the reproductive organs (Barker 1989 ) was scored on a 1Ð5 scale, modiÞed from Barker et al. (1988) : 1 ϭ vitellarium undeveloped, no oocytes present; 2 ϭ small number of oocytes in apical vitellaria, lacking yolk deposition; 3 ϭ several oocytes in the vitellarium, with yolk deposition conÞned to along lateral region; 4 ϭ several oocytes present, distributed throughout the vitellarium, with yolk deposition complete but chorion formation in early stages; 5 ϭ with numerous oocytes, including terminal oocytes with fully formed chorion in the lower vitellaria. The number of chorionated eggs in the calyces was recorded. The wing muscles were broadly classiÞed as well developed or reduced, following Barker et al. (1989b) . Well-developed muscles, indicative of ßight competency, were characterized as all bundles Þrm and compact, with no apparent separation of muscle Þbers, Þrmly attached, and large in size. Reduced wing musclesÑ because of either immaturity or degenerationÑwere characterized as less compact, with a distinct separation of Þbers, particularly at points of attachment, and small relative to well-developed ßight-capable muscles. The incidence of M. hyperodae immature stages was recorded on the basis of descriptions provided by Loan and Holdaway (1961) for the related species, Microctonus aethiopoides Loan. A minimum of 30 male and 30 female L. bonariensis were dissected for each sampling date.
For the period from July to April of each year, grass tillers were cut with a scalpel at 10-to 14-d intervals from 20 Ð25 random locations at each site, and, on return to the laboratory, 200 tillers each of Lolium spp. and Poa annua L. were searched for L. bonariensis eggs. To convert eggs counts per 200 tillers, the number of eggs per square meter was calculated from tiller counts on 50 turf plugs, each 50 mm in diameter. These sampling techniques provided estimates of L. bonariensis egg and grass tillers populations with standard errors Ͻ15% of the means (Barker and Addison 1990) . The frequency of N. lolii infection in ryegrass was determined each autumn and spring by microscopical examination (400ϫ magniÞcation) of sheath tissues from 50 randomly selected ryegrass tillers that had been stained in heated lactophenol-aniline blue.
Data Analyses. Data on parasitism, L. bonariensis numbers, and indices of reproductive and wing muscle development were subjected to analysis of variance to determine signiÞcance of variation between sites, years, months, and sexes. These analyses were performed by using S-Plus version 4 (MathSoft Inc. 1997 ).
In addition, by using maximum likelihood in R version 2.1.1 (R Development Core Team 2004), nonlinear mixed effects (nlme) models were Þtted to temporal trends in 1) proportional parasitism in L. bonariensis by M. hyperodae, 2) Log 10 adult and egg population densities in L. bonariensis, 3) maturity scores and proportion with eggs in the calyces as indices of reproductive condition in L. bonariensis females, and 4) proportion of L. bonariensis with ßight competent muscle development. The best model was selected among alternatives by using the Akaike information criterion (AIC) (Akaike 1974) . Where little difference is found between the AIC of models, the probability that the correct model has been chosen was calculated as e
, where ⌬AIC is the difference between AIC scores (Motulsky and Christopoulos 2004) . Based on these AIC criteria, the best nlme model for proportion parasitism took the general form:
For all other response variables, the best models took the form: Response Ϸ (A ϩ D * sin(2 * pi * (B ϩ Calendar Days)/365.25) ϩ E * cos(4 * pi * (B ϩ Calendar Days)/365.25)). These models were constructed assuming three main determinants of response variables:
1. A trend increasing with degree-days (Ͼ10ЊC), heading to an asymptote. This was model component (1 Ϫ exp(ϪC * Degree Days), starting from zero and rising toward 1 at a rate determined by C.
The maximum in the response variable (averaged through the yearly cycle) was determined by the parameter A, which allowed for random differences in the response between cycles (years). 2. A cyclic change associated with the calendar seasons. This was represented by the sine and cosine terms in the model and was purely descriptive. Each separate year of sampling was treated as a random observation of a complete cycle. The beginning of a cycle was chosen to be the minimum in the response variable, which turned out to coincide with calendar years. Any cyclic shape could be modeled in this way by adding successive sine or cosine terms (i.e., sin x, sin 2x,É, cos x, …), but only two terms were justiÞed by the data. The cycles were not sufÞciently consistent to justify a better approximation, highlighting the variability in L. bonariensis phenology and degree of asynchrony between M. hyperodae and L. bonariensis over the summer period between years, noise in the data, and the inability of added terms to model the secondary peaks in response variables over this period.
D and E determined the magnitude of the periodic effects, and B determined the lag; the calendar days between where the minimums and maximums occurred. B were allowed to vary randomly between cycles, allowing the curve to shift left or right in response to overall differences between years. 3. The three sites, namely, Wellsford, Hamilton, and Reporoa.
Fixed effects were modeled as A Ϸ Site, B Ϸ Site, C Ϸ 1, and D ϩ E Ϸ 1. A correlation between successive observations proportional to the number of days between them was possible, but there was no evidence for it and thus not built into the nlme models.
By using both observed data values and those derived from the Þtted nlme models, Julian-year average values were estimated for percent parasitism and indices of reproductive and wing muscle development in each year at each location. In S-Plus, linear regression analyses were then used to examine the relationship between the incidence of parasitism and both ßight muscle development and reproductive condition in L. bonariensis.
Results and Discussion
Incidence of Parasitism and Parasitoid Phenology. Establishment of M. hyperodae from the releases made during winter (MayÐJuly) 1991 was conÞrmed at all three sites in December 1991 with the occurrence of parasitoid eggs and larvae in new-generation L. bonariensis (Goldson et al. 1993b, Barker and Addison 2006) . Averaged across sites, incidence of parasitism increased in consecutive years (F 3,11 ϭ 32.618; P Ͻ 0.001; Figs. 1Ð3; Table 2 ). From 1993, parasitism in autumn was typically in the order of 75Ð90%.
First-instar M. hyperodae enter a photoperiodically induced diapause in early March when photoperiod reaches the critical minimum of 13.6 h (Goldson et al. 1993a) . Examination of L. bonariensis hosts indicated that in March and early April, larvae of M. hyperodae beyond the Þrst instar were able to progress through to emergence. As a result, by mid-(Wellsford) to late April (Hamilton and Reporoa), most parasitized hosts contained only Þrst-instar M. hyperodae larvae, which were inferred to be diapausing. However, during the winter months, a small portion of parasitized weevils contained parasitoid eggs that evidently arose from parasitism by M. hyperodae emergent in autumn and early winterÑadult parasitoids were observed in the Þeld as late as May. The incidence of parasitism was relatively stable during the period late autumn to early spring (AprilÐ August) when the overwintering hosts supported diapausing parasitoid larvae. The proportion of the L. bonariensis population parasitized by M. hyperodae remained rather constant through winter. As a consequence, Barker and Addison (2006) reported the rate of overwintering survival of L. bonariensis adultsÑthe primary control on number of adult L. bonariensis at the onset of the reproductive period in spring for these northern New Zealand populationsÑ was signiÞcantly correlated with the incidence of parasitism in autumn. These results are consistent both with the observation of Barker et al. (1989a) that in the absence of parasitism, L. bonariensis populations exhibited density-dependent mortality over winter, and with the observation of Loan and Lloyd (1974) , who noted in South America, a more protracted survival in parasitized overwintering L. bonariensis than their nonparasitized counterparts.
The incidence of parasitism at other times of the year exhibited great temporal variability, reßecting the occurrence of multiple parasitoid generations that had only partial synchrony with the two generations of L. bonariensis. In spring (AugustÐSeptember), onset of post-diapause development of M. hyperodae was indicated by the Þrst appearance of second-instar larvae in L. bonariensis hosts. The environmental conditions that lead to termination of M. hyperodae diapause during spring remain unknown (Goldson et al. 1993a) . Within a few weeks, there was decline in percent parasitism resulting from the emergence of M. hyperodae fourth-instar larvae (prepupae) and death of their hosts. Reproductive activity of M. hyperodae emergent from overwintered hosts began in OctoberÐNovem-ber, as evidenced by the occurrence of M. hyperodae eggs in the L. bonariensis populations. As the Þrst occurrence of these parasitoids in spring of each year preempted the emergence of Generation-1 L. bonariensis, parasitism initially occurred in the residual overwintered L. bonariensis population. Only from December were Generation-1 L. bonariensis available to searching parasitoids. As a consequence of variable degrees of synchrony between M. hyperodae emergence and that of its host, there was variable but generally low incidence of parasitism in L. bonariensis over the October to early February period. This variability was accentuated in late January to February, when parasitism was reduced through dilution arising from the emergence of relatively large numbers of Generation-2 L. bonariensis. The effects of these events on incidence of parasitism were evident as troughs of annual periodicy, as illustrated in Figs. 1Ð3, often but not invariably interrupted by spikes of short duration in increased parasitism. Over the February to April period, parasitism markedly increased to the autumnal maxima mentioned earlier.
Abundance of M. hyperodae immature stages tended to increase in consecutive years (F 5,53 ϭ 1.95876; P ϭ 0.01020; ; F 2,35 ϭ 3.3633, P ϭ 0.04684). Figure 4 illustrates the observed frequencies of M. hyperodae immature stages in L. bonariensis hosts over the study period. The Þrst instar was the most frequently observed stage during dissections of L. bonariensis, consistent with earlier observations of Goldson et al. (1998) in Canterbury, New Zealand, and reßect-ing the long duration of the Þrst instar relative to other immature stages ). Eggs were observed over a great part of each year at Hamilton relative to that observed at Wellsford. At Reporoa, eggs were initially observed infrequently, similar to the situation at Wellsford, but detection frequency increased in 1994 Ð1995 to resemble that at Hamilton. The reason for these site and temporal differences is presently unknown. Instars 2 and 3 could not be readily separated, as is common in Microctonus species (Jackson 1928 , Smith 1952 , and accordingly were aggregated in Fig. 4 . These stages tended to be most frequently detected in late spring and early summer, as were the prepupal fourth instars, reßecting the slower developmental rates and thus long-stage dura- tions compared with those during subsequent warmer summerÐautumn months.
Based on the approximate requirement for 386 degree-days above 10ЊC to complete development (Barlow et al. 1994) , the parasitoid had the potential to complete four, three to four, and two generations in an average year at Wellsford, Hamilton, and Reporoa, respectively. These predictions could not be tested directly because adult parasitoids were not sampled. Observations of occurrence of adult parasitoids in the Þeld, data on immature stages in parasitoid hosts (Fig.  4) , and data on abundance of parasitoid immatures are generally in agreement with the predictions of Barlow et al. Nonetheless, whereas the annual cycle was consistent with macroecological control, M. hyperodae voltinism varied subtly among sites and years. The nlme model of proportion of L. bonariensis parasitized by M. hyperodae, summarized in Table 3 , indicated signiÞcant site differences in seasonal maxima in parasitism (model parameter A), with a higher proportion of L. bonariensis parasitized at Hamilton and Reporoa compared with Wellsford. During the time of the year when parasitism is maximal, the Þtted proportions of L. bonariensis parasitized after a long period in an average year were estimated to be: Wellsford ϭ 0.79, Hamilton ϭ 0.98, Reporoa ϭ 0.92. The seasonal effect at Wellsford was indicated in the model to be 30 (7.7 SE) and 20 (9.5 SE) d ahead of Hamilton and Reporoa, respectively. There was no evidence that the shape of the asymptotic curve (C) varied among sites, although C and A were strongly correlated and thus their effects were hard to separate. These results are not entirely consistent with phenological predictions for the parasitoid across the 1.83Њ latitudinal and associated temperature gradient, suggesting site factors operated to modify phenology of parasitism.
Across all sampling dates (n ϭ 238), 8.79% (Ϯ0.83 SEM) of L. bonariensis were superparasitized, with each parasitized host carrying a mean of 1.14 Ϯ 0.02 parasitoid immatures (eggs or larvae). The incidence of this superparasitism did not vary signiÞcantly between sites (% L. bonariensis superparasitized: F 3,15 ϭ 0.828, P ϭ 0.503; immatures per parasitized host: F 3,15 ϭ 0.5431, P ϭ 0.854) or months (% L. bonariensis superparasitized: F 11,35 ϭ 1.353, P ϭ 0.250; immatures per parasitized host: F 11,35 ϭ 0.5431, P ϭ 0.854). Averaged across sites and months, the incidence of superparasitism (F 3,11 ϭ 8.339; P ϭ 0.008) and numbers of M. hyperodae immature in parasitized hosts (F 3,11 ϭ 10.317; P ϭ 0.004) increased over consecutive years (Table 2) .
At the Wellsford site, superparasitism by M. hyperodae became abruptly apparent in L. bonariensis in early autumn of 1992/1993 and reached seasonal peaks of around 20% in each of 1993, 1994, and 1995 (Fig. 1) . At the Hamilton and Reporoa sites (Figs. 2 and 3 , respectively), the rate of superparasitism corresponded qualitatively with the pattern of buildup in rate of parasitism in the L. bonariensis populations. Across all sites, the degree to which L. bonariensis individuals carried multiple immature parasitoid stages was related to level of parasitism (% superparasitism ϭ 0.242 ϩ 0.0126 * % parasitism; R 2 ϭ 0.346; F 1,98 ϭ 126.252; P Ͻ 0.001), suggesting superparasitism occurred when host densities were low relative to the numbers of searching parasitoids. McNeill et al. (1996) observed a similar phenomenon in L. bonariensis in Canterbury, New Zealand. No more than one M. hyperodae larva can fully develop in superparasitized hosts (Loan and Lloyd 1974, McNeill et al. 1996) , indicating superparasitism represents wasted reproductive effort on the part of the parasitoids secondarily parasitizing hosts. There was no evidence in the data for parasitism (F 1,237 ϭ 1.0345; P ϭ 0.2631) and superparasitism (F 1,237 ϭ 1.304; P ϭ 0.2531) to have varied signiÞcantly between male and female L. bonariensis.
Host Reproductive Phenology. The studied L. bonariensis populations underwent two complete generations each year, with recruitment in spring and summer, respectively, Generations 1 and 2. Overwintering adults in oligopause (Barker et al. 1988 ) gradually attained reproductive competency and were reproductive in spring, with oviposition commencing in July on P. annua and progressing onto L. perenne by mid-August to early September. Spring egg recruit- ment was maximal in September and October. Overwintered adults were at very low numbers by December and absent from the populations by late January. Generation-1 adult emergence occurred from late November to early February, with peak abundance and oviposition in January. Generation-1 adults exhibited a rapid post-oviposition decline in numbers and were absent from populations by mid-May, that is, Generation-1 adults did not overwinter. Generation-2 adults were Þrst detected in the populations from late January but reached maximum abundance in April. Generation-2 adults overwintered before reproductive activity in the following spring. These salient features of L. bonariensis phenology are consistent with earlier observations on northern New Zealand populations (Barker et al. 1988 (Barker et al. , 1989a , except that a partial third generation in the autumn noted during some years in earlier studies was not evident.
Figures 5Ð7 show temporal trends at the three sites in the abundance of L. bonariensis adult and egg stages, and of two measures of reproductive condition in females, namely, ovarian maturity and incidence of eggs in calyces. Note that these graphs correspond to the period after parasitoid release and over which incidence of parasitism increased, as shown in Figs. 1Ð3. In general, abundance of Generation-1 adultsÑ arising from oviposition by overwintered adultsÑ declined with time from date of release of M. hyperodae. The trend is similar to a decline in Generation-2 adults at Wellsford and Hamilton, but at Reporoa, Generation-2 adults tended to increase in the fourth year. Trends in abundance of the egg stage of L. bonariensis, best assessed as the area under the curves, exhibited a decline over time at all three sites. As remarked on by Barker and Addison (2006) , the marked constriction of the egg recruitment period evident at the Hamilton site reßects general synchrony between onset of reproductive maturity in L. bonariensis and presence of searching parasitoid adults. However, the sharp spikes in egg numbers reßect brief periods of asynchrony, providing gravid L. bonariensis with narrow windows of opportunity (with reduced risk from parasitism) for oviposition.
The nlme models indicated signiÞcant site effects on adult abundance in L. bonariensis, with mean log 10 numbers of 1.12 at Wellsford, lower than 1.43 and 1.48 at Hamilton and Reporoa, respectively (model parameter A, F 2,167 ϭ 2.861, P ϭ 0.0600; Table 3 ). Furthermore, the seasonal effect on peak abundances of adults at Wellsford was indicated in the model to be 26 (Ϯ12 SEM) d ahead of both Hamilton and Reporoa (model parameter B, F 2,167 ϭ 4.515, P ϭ 0.0123), consistent with climate differences between sites. These site differences were not, however, evident in the model for L. bonariensis egg abundance (model parameter A, F 2,183 ϭ 1.4717, P ϭ 0.2322; model parameter B, F 2,183 ϭ 2.3528, P ϭ 0.0980).
The phenological changes in the reproductive condition of L. bonariensis evident in the nonparasitized portion of the populations in this study are consistent with earlier published results for L. bonariensis before release of M. hyperodae (Barker et al. 1988) . Ovarian maturity scoresÑreßecting vitellogenesis and abundances of oocytes in the ovariolesÑincreased throughout the winter to reach a peak or brief plateau in late spring. A rapid decline in maturity scores oc- curred in early summer, coincident with the mortality of the overwintered population and emergence of Generation-1 adults. Peak emergence and maturity of the Generation-1 females were associated with an increase in the ovarian maturity score, only to decline rapidly during February. Generation-2 females, which emerged in early February, exhibited some degree of ovarian development and vitellogenesis. The majority of Generation-2 females, however, exhibited no reproductive maturity or activity before onset of winter. At all three sites, there was a clear trend for parasitized L. bonariensis females to have lower ovarian maturity than L. bonariensis females that had escaped parasitism (Figs. 5Ð7; Table 4 ). Despite some variation in the ovarian condition of parasitized L. bonariensis femalesÑreßecting both degree of ovarian development before parasitism, and the interval between parasitism and collection in our samplesÑthere was almost complete elimination of egg maturation in parasitized hosts, as evidenced by the very low incidence of eggs in calyces (Table 4) . It is not known if parasitized gravid female L. bonariensis are capable of oviposition, but these data clearly indicated that parasitized females contributed little to population recruitment. The nlme models yielded estimates of mean ovarian maturity score and proportion of females gravid in the parasitoid-free part of the L. bonariensis populations (Table 5) , similar to that estimated directly from observed data (Table 4) . Further, these nlme models indicated little variation among sites in female reproductive condition (model parameter A, ovarian score F 2,215 ϭ 0.1885, P ϭ 0.8283; proportion females with eggs, F 2,216 ϭ 0.801, P ϭ 0.3296) and reproductive phenology (model parameter B, ovarian score F 2,215 ϭ 1.000, P ϭ 0.3696; proportion females with eggs, F 2,216 ϭ 2.105, P ϭ 0.8103).
Regression analyses indicated the reproductive condition of L. bonariensis populations declined with increasing incidence of parasitism: % females with eggs in calyces ϭ Ϫ0.449 * % parasitism ϩ 41.89, R 2 ϭ 0.942, P Ͻ 0.001; and Mean female ovarian maturity score ϭ Ϫ0.018 * % parasitism ϩ 3.353, R 2 ϭ 0.821, P Ͻ 0.001, consistent with the sterilizing effect of parasitism by M. hyperodae. However, the percentage of females carrying eggs (R 2 ϭ 0.348; P Ͼ 0.05), and mean female ovarian maturity score (R 2 ϭ 0.001; P Ͼ 0.05), in the nonparasitized proportion of the L. bonariensis population did not relate to incidence of parasitism, indicating reproductive condition of potential hosts evading parasitism was not compromised.
The incidence of wing muscle development in parasitized and nonparasitized L. bonariensis is shown in Fig. 8 . In nonparasitized L. bonariensis, there were seasonal cycles of wing muscle development, albeit, as in our earlier studies , the proportion of the population exhibiting muscle development consistent with ßight competency varied greatly between generations, years, and sites. Averaged across sites and months, the proportion of L. bonariensis ßight competent was signiÞcantly reduced by parasitism (Table 4) . Analysis of Þeld and laboratory results led Barker et al. (1989) to suggest that L. bonariensis exhibited partitioning of reproductive and dispersive effort among individuals in the populationsÑafter emergence, some L. bonariensis became reproductive and others developed wing musculature before ovarian development and dispersal. The proportion of the latter category was shown experimentally to be associated with adverse population conditions such as crowding. In the present work, our samples indicate that parasitism substantially reduced the incidence of wing muscle development. It is thus apparent that M. hyperodae larval development precludes host investment in wing musculature and ovarian maturation alike.
The nlme model (Table 5 ) indicated a higher incidence of ßight competency in parasitoid-free L. bonar- iensis at the Hamilton site relative to those at Wellsford and Reporoa (model parameter A, F 2,216 ϭ 39.7174, P Ͻ 0.0001). The timing of the peak incidence of ßight competency within yearly cycles did not vary significantly between sites (model parameter B, F 2,216 ϭ 1.0376, P Ͻ 0.3187). Linear regression analysis indicated the year-to-year variation in the percentage of L. bonariensis with ßight competency was not related to incidence of parasitism (R 2 ϭ 0.000, P Ͼ 0.05). However, in the parasitoid-free part of the L. bonariensis population, the incidence of ßight competency was related to incidence of parasitism: % L. bonariensis with wing muscle development ϭ 0.175 * % parasitism ϩ 7.494 (R 2 ϭ 0.318, P Ͻ 0.05), indicating the possibly of a greater investment in dispersal in the presence of high numbers of searching parasitoids.
Coda
Members of the genus Microctonus are important parasitoids of various Coleoptera. Their biology is nonetheless highly varied, and generalities about impacts on host population reproductive ecology may be hard won. Indeed, the population phenology and reproductive biology of M. hyperodae and the impact on host reproduction varied among the three study sites and could only in part be related to the variation in macroecological conditions across the 1.83Њ gradient of latitude. The regulatory role of M. hyperodae in L. bonariensis populations was constrained by the variable degree of synchrony with the host generations produced each season. Nonetheless, the emergent population-level reproductive condition of L. bonariensis was directly related to the level of parasitism, as the rapid sterilization meant parasitized individuals contributed little or not at all to population natality. There was no evidence that avoidance behavior exhibited in L. bonariensis individuals in the presence of search parasitoids translates to population-level phenomena, except that eruptive pulses of oviposition occurred during windows of opportunity when numbers of searching adult parasitoid were low. It remains unknown to what degree parasitism effects the contribution of host individuals to density-dependence phenomena in host populations. Earlier life-table analyses (Barker et al. 2006 ) indicated the presence of M. hyperodae lead to increased density dependence in L. bonariensis population natality. In the current study, the reproduction condition of L. bonariensis individuals escaping parasitism did not differ from that observed in earlier studies before establishment of M. hyperodae as a biocontrol agent (Barker et al. 1988) , suggesting that parasitism in part of the L. bonariensis population did not increase reproductive Þtness through competitive release in the residual nonparasitized host population. L. bonariensis did not exhibit increase reproductive effort to offset losses resulting from their shortened expected life span because of parasitism, and thus did not conform to the reproductive compensation hypothesis (Minchella and Loverde 1981) . The pattern of decline in the reproductive condition of parasitized L. bonariensis is consistent with the alternative hypothesis that parasitization depresses host resource allocation to reproduction, either as a byproduct of infestation and/or as an adaptation on the part of the parasite (Adamo et al. 1995 , Agnew et al. 2000 , Cade and Wyatt 1984 .
The present results are relevant primarily to asexual reproducing species of Microctonus that occur as solitary endoparasitoids, and further analyses are required to determine how the mechanisms of host population regulation vary across the spectrum of Microctonus life strategies. the introduction of M. hyperodae into New Zealand as a biocontrol agent and who kindly provided insect material for release at research sites. Paul Addison provided technical assistance throughout the study. Ministry of Agriculture and Fisheries and, more recently, the Dairy Research Corporation provided Þeld facilities near Hamilton, whereas George Powell and Dave Leslie similarly provided facilities at Wellsford and Reporoa sites, enabling this research to be conducted under commercial dairy production environments. I thank Guy Forrester and the late Greg Arnold (Landcare Research) for advice on statistical analyses. This research was funded by the New Zealand Foundation for Research, Science and Technology under contracts C10256 and C10406.
